Juvenile visceral steatosis (JVS) mice, novel animal models of systemic carnitine deficiency, exhibit a remarkably increased number of mitochondria in their cardiac myocytes. To date, however, there has been no reported investigation of the molecular mechanism of this increased number of mitochondria. Here, we analyzed the gene expression profile from the hearts of JVS and control mice by Affymetrix GeneChip analysis representing 34323 genes. We found that 176 genes, containing 93 known genes and 83 novel genes, were up-regulated in JVS mice compared with control mice, and 167 genes, containing 67 known genes and 100 novel genes, were down-regulated in JVS mice compared with control mice. We found several interesting molecular aspects that have not yet been identified in the hearts of JVS mice, including down-regulation of a number of ion channels and up-regulation of regulators involved in cell cycle progression. This genome-wide analysis should contribute to a greater understanding of the molecular mechanism of mitochondrial biogenesis in the heart of JVS mouse and provide a strategy for identifying novel genes involved not only in mitochondrial biogenesis but also in cardiac hypertrophy.
The juvenile visceral steatosis (JVS) mouse is a novel animal model of systemic carnitine deficiency 1) caused by the dysfunction of organic cation/carnitine transporter 2 (OCTN2). 2) JVS mice exhibit remarkable cardiac hypertrophy, and such cardiac hypertrophy causes sudden death in the absence of treatment with carnitine. [3] [4] [5] To date, there has been no report on the mechanism of cardiac hypertrophy in JVS mice.
Surprisingly, JVS mice exhibit a remarkably increased number of mitochondria in their cardiac myocytes. 4, 5) Electron microscopy revealed that mitochondria occupied 66% area in the cytosol of the myocytes in JVS mice and 37% in those of control mice at 8 weeks of age. 5) Miyagawa et al. reported that the number of autolysosome or autophagic vacuoles in the cardiac myocytes of 2-week-old JVS mice was the same as that in 2-week-old control mice. 4) We also observed an increased number of mitochondria in the cardiac myocytes of 2-week-old JVS mice compared with 2-weekold control mice. However, the mechanism of mitochondrial biogenesis stimulation in the heart of the JVS mouse is not yet understood.
Recent studies demonstrate that mitochondria are frequently found as long, snake-like tubules in extended tubular networks in many living cells and that the tubules' overall morphology depends on frequent fission and fusion. 6) Such alteration in mitochondrial shape occurs during normal cell growth under certain pathological conditions. Although several studies about proliferation, division, and fusion of mitochondria have been published, [6] [7] [8] [9] [10] the molecular basis of this mitochondrial behavior in mammalian cells is still unknown. In the present work, to understand molecular aspects for the abnormally increased number of mitochondria in the heart of the JVS mice, we analyzed the gene expression profile of the hearts of JVS and control mice by Affymetrix GeneChip analysis.
MATERIALS AND METHODS
Animals All animals were maintained under specific pathogen-free conditions. Homozygous mutants (jvs/jvs) used at 9 weeks of age were produced by mating carnitinetreated homozygous mutant male mice with heterozygous female mice. 5) Homozygous mutants (jvs/jvs) used at 2 weeks of age were produced by in vitro fertilization by Oriental Yeast, Co., Ltd. C57BL/6J mice, the mother strain for JVS mice, were used as the control. All animal protocols were carried out according to the Guide for Animal Experimentation, School of Medicine, The University of Tokushima.
In Vitro Fertilization Oocytes from JVS mice were used for in vitro fertilization and Crj: CD-1 (ICR) mice were used as pseudopregnant recipients for embryo transfer. 11) As an embryo source, female mice were superovulated with 5 iu of pregnant mare serum gonadotropin (PMSG) (Serotropin, Teikoku Hormone Mfg. Co., Japan) and 5 iu of human chorionic gonadotropin (hCG) (Gonatropin, Teikoku Hormome Mfg. Co., Japan) injected 48 h apart, and the oocytes obtained 15-16 cauda epididymis of males and suspended in 300 ml of TYH medium covered with mineral oil. After preincubation for 1.5 h at 37°C under 5% CO 2 in air, a small volume of sperm suspension was added to the THY medium containing oocytes (final sperm concentration: 150 cells/ml). Two-cell embryos obtained 24 h after insemination were used for embryo transfer.
Morphological Studies Mice were given gross examinations, anesthetized with ether, and killed by exsanguination from the abdominal aorta. For light microscopy, hearts were fixed in 10% phosphate-buffer (pH 7.4), dehydrated in a graded series of ethanol, and embedded in paraffin, after which 4-m-thick sections were stained with hematoxylin and eosin. Representative sections were also stained with oil red O. For electron microscopy, specimens were fixed with 2.5% glutaraldehyde in 0.1 M phosphate-buffer (pH 7.4), post-fixed in 1% osmium tetroxide solution (pH 7.4) for 2 h, and processed into resin. Semi-thin sections were cut and stained with toluidine blue. Ultra-thin sections were cut and stained with uranyl acetate and lead citrate and examined under an electron microscope (JEM 1200EX, JEOL).
Total RNA and Poly(A) ؉ RNA Extraction Total RNA was extracted from hearts of 2-week-old control and JVS mice by the acid guanidinium-phenol-chloroform (AGPC) method, 12) and 9-week-old control and JVS mice by the guanidinium thiocyanate method as described previously. 13) Poly(A) ϩ RNA was purified from total RNA from 9-weekold control and JVS mice by Oligotex-dT30 ͗Super͘ mRNA Purification Kit (TaKaRa).
GeneChip Analysis. RNA Labeling The following steps were carried out according to Affymetrix GeneChip analysis instruction manual. Each 15-mg total RNAs sample was converted into doublestrand cDNAs by SuperScript II Reverse Transcriptase (Invitrogen Life Technologies) using GeneChip ® T7-Oligo(dT) Promoter Primer Kit. Double-strand cDNAs were converted into double-strand cRNAs and biotinylated using RNA Transcript Labeling Kit (Affymetrix). Biotin-labeled cRNAs were purified by the GeneChip Sample Cleanup Module (Affymetrix) and fragmented.
Microarray Analyisis Hybridization of biotin-labeled cRNA fragments to Affymetrix GeneChip ® Mouse Expression Set 430A and 430B arrays, washing, staining with streptavidin-phycoerythrin (Molecular Probes), and signal-amplification were performed according to the manufacturer's instructions (Affymetrix). Each hybridized Affymetrix GeneChip ® array was scanned with GeneChip ® Scanner 3000 and analyzed with Affymetrix Microarray Suite 5.1.
Dot Blot Analysis Dot blot analysis using 100 ng of poly(A) ϩ RNA from 9-week-old control and JVS mice and quantitative determination of 5 subunits of H ϩ -ATP synthase, c(P1), c(P2), e, ATPase inhibitor protein IF1, and b was carried out as described previously. 13) 
RESULTS AND DISCUSSION
Morphological Study Hearts weighed 0.06Ϯ0.02 g in 2week-old JVS mice and 0.03Ϯ0.01 g in 2-week-old control mice (the values are the meanϮS.D. for 8 and 20 experiments with JVS and control mice, respectively; pϽ0.00001, JVS versus control mice). Heart weight/body weight ratios were 9.8Ϯ3.3ϫ10 Ϫ3 in 2-week-old JVS mice and 5.6Ϯ 1.4ϫ10 Ϫ3 in 2-week-old control mice (the values are the meanϮS.D. for 8 and 20 experiments with JVS and control mice, respectively; pϽ0.0001, JVS versus control mice). Grossly, the heart of the JVS mouse was markedly enlarged without any change of color tone, and hypertrophy of each ventricular wall was symmetric, without dilatation of any chambers in the heart ( Fig. 1.1) . Histologically, the myocardial cells of JVS mice showed increased widths and giant nuclei, and small eosinophilic granules and vacuoles had accumulated around the poles of the nuclei ( Fig. 1.2 ). Vacuoles corresponded to droplets positive for oil red O ( Fig. 1.3 ). An increased number of mitochondria was seen via electron microscopy, and they had accumulated around the nucleus and inter myofibrillar space ( Fig. 1.4 ). The 2-week-old JVS mice used in this study were prepared by external fertilization, but the above results demonstrated that the mice were the same as JVS mice prepared by the mating described in published studies. 4, 5) Gene Expression Profile To analyze the gene expression profile in the hearts of 2-week-old control and JVS mice, we carried out Affymetrix GeneChip analysis using a GeneChip that covers 34,323 mouse genes. In addition, although we analyzed GeneChip analysis from one experiment, we had reproducible results. This is because 11 pairs of 25mer oligonucleotide probes, including a perfect match probe, which is a oligonucleotide designed to be complementary to a reference sequence, and mismatch probe, which is a oligonucleotide designed to be complementary to a reference sequence except for a single base change at the 13th position, are used to measure the level of transcription of each sequence represented on the GeneChip.
The number of up-regulated genes in 2-week-old JVS mice, which was greater than two-fold the number in control mice, was 176 genes, including 93 known genes (Table 1) and 83 novel genes that included 31 genes with unknown function, 50 expressed sequence tags (ESTs), and 2 unclassifiable genes. The number of down-regulated genes in 2week-old JVS mice, which was less than half that found in control mice, was 167 genes, including 67 known genes ( Table 2 ) and 100 novel genes that included 16 genes with unknown function, 79 ESTs, and 5 unclassifiable genes.
Many ion channels, regulators of ion channels, and transporters were down-regulated in JVS mice compared with control mice (Table 2 ). Ca 2ϩ -channel (voltage-dependent), K ϩ voltage-gated (Kv) channel 1 and 2, Na ϩ -K ϩ -ATPase, and Cl Ϫ -channel 3 (CLC3) were down-regulated to 0.44, 0.44, 0.44, 0.29, and 0.44 times the level in control mice, respectively (Table 2-*12-16). Kv channel-interacting protein 2a, which is reported to be down-regulated in cardiac hypertrophy, 14) sarcolipin, which is also reported to be down-regulated in cardiac hypertrophy, 15) and triadin 1 which activates Ca 2ϩ -ATPase of sarcoplasmic reticulum and cause cardiac hypertrophy, 16) and its isoform triadin 2, were down-regulated to 0.41, 0.44, 0.44, and 0.47 times the level in control mice, respectively (Table 2-*19-22). These results suggest that the regulation of several intracellular ion concentrations is defective in the heart of JVS mice, which results in the deterioration of heart functions in these mice. Titin-cap and myosin light chain regulatory A, which are muscle components, were down-regulated to 0.29 and 0.38 times the level in control mice, respectively (Table 2-*26-27), also suggesting that the deterioration of heart functions in the hearts of JVS mice.
The heart needs a great deal of energy to maintain its function, and fatty acids are the major substrate for energy production in the heart. 17) Systemic carnitine deficiency causes defected fatty acid metabolism in JVS mice and is thought to be complemented by up-regulation of glycolytic metabolism. Indeed, 2-deoxy[3H]glucose, a glucose analog that is phosphorylated to 2-deoxyglucose-6-phosphate, uptake in vivo was increased in the hearts of JVS mice (unpublished data). However, in this study, the glucose transporter GLUT4 was down-regulated in JVS mice to 0.44 times the level in control mice (Table 2-*17), but levels of the other isoforms of the GLUT family in JVS mice were almost the same as the levels in control mice (data not shown). It is not clear why 2deoxy[3H]glucose uptake was increased in the heart of JVS mouse in spite of down-regulation of GLUT4. GLUT4 proteins are sequestered into specialized storage vesicles in the cell's interior, and Ͻ1% of GLUT4 is localized in plasma membrane under basal conditions, but 42% of GLUT4 is localized in plasma membrane and activated under insulin stimulation. 18, 19) On the other hand, JVS mice exhibit hypoglycemia and hyperinsulinemia. 20) Therefore, it is possible that cell surface GLUT4 expression is increased in the heart of JVS mice.
The expression of some of the proteins involved in lipid metabolism were greatly changed in the hearts of JVS mice. clear, but these results suggest that lipid metabolism in the JVS mouse heart is greatly influenced by carnitine deficiency. This may have caused the accumulation of lipid droplets observed in the JVS mouse hearts we studied. We found that carnitine deficiency-associated gene expressed in ventricle 3 (CDV-3) and CPT-1 were up-regulated in the hearts of JVS mice to 2.3 and 1.5 times the level in control mice, respectively ( Up-regulated genes in 2-week-old JVS mice found at more than two times the level found in control mice are shown. * 1-11: the genes which are described in Results and Discussion. respectively) and that carnitine deficiency-associated gene expressed in ventricle 1 (CDV-1) was down-regulated in the hearts of JVS mice to 0.45 times (Table 2-*29). These results are consistent with the data in published studies. [21] [22] [23] Recent studies have shown that the expression levels and activities of cyclin D, cyclin A, cyclin B, cyclin-dependent kinase 2 (cdk2), and cell-division-cycle 2 (cdc2) were upregulated, and mitotic myocytes were observed in the heart of cardiac failure and cardiac infraction mice. 24, 25) In this study, cyclin A2, B, B2, and cdc2 homolog A were up-regulated in JVS mice to 2.9, 6.1, 3.7, and 3.2 times the level in control mice, respectively (Table 1-*1-4), although the expression level of HSP 70, which is reported to interact with cyclin B and cdc2 in the mitotic apparatus of the dividing oocytes, 26) in JVS mice was the same as the level in control mice (data not shown). In addition, Moloney leukemia virus 10-like 1 (Mov1011), which is an alternate cardiac helicase activated by MEF2 protein (CHAMP) and a cardiac-specific suppressor of cardiomyocyte hypertrophy and cell cycle progression, 27) was down-regulated in JVS mice to a level 0.44 times that in control mice (Table 2-*28). Although the mitotic index of the heart of JVS mouse was not examined, these results suggest that mitotic myocytes are increased in the heart of JVS mouse.
In mitochondrial proteins, methylenetetrahydrofolate dehydrogenase, pyrroline-5-carboxylate synthetase, 3-hydroxy-3-methylglutaryl-CoA synthase 2, and mitochondrial acyl-CoA thioesterase 1 (Mte1-pending) were up-regulated in JVS mice to 4.6, 2.1, 2.1, and 2.5 times the level in control mice, respectively (Table 1-*5-8). In addition, cytosol acyl-CoA thioesterase was up-regulated in JVS mice to 2.8 times the level in control mice (Table 1-*9). On the other hand, in mi-tochondrial proteins, uncoupling protein 2 (UCP-2), glutathione S-transferase 1, and deoxyguanosine kinase 3 were down-regulated in JVS mice to 0.41, 0.44, and 0.47 times the level in control mice, respectively (Table 2-*18, *24, and *25).
In the oxidative phosphorylation system, although cytochrome c oxidase was up-regulated in JVS mice to 1.5 times the level in control mice (data not shown), a subunit of ATP synthase, OSCP (oligomicin sensitivity conferring protein), was down-regulated in JVS mice to 0.66 times the level in control mice (data not shown). However, the expression level of the other enzymes of the oxidative phosphorylation system and subunits of H ϩ -ATP synthase in the heart of JVS mice was almost the same as that in the control mice (data not shown). Dot blot analysis also showed that subunits of H ϩ -ATP synthase such as c(P1), c(P2), e, IF1, and b in the heart of JVS mice were almost the same as that in the control mice (Fig. 2 ) These results suggest that mitochondrial proteins show various expression patterns, and that the expression levels of mitochondrial proteins and mitochondrial biogenesis are not parallel.
The gene expression profiles about cadiac hypertrophy which was caused by other system than systeminic carnitine deficiency are also published. 28, 29) In the cardiac hypertrophy which was caused by overexpression of a1b-adrenergic receptor, affymetrix GeneChip analysis showed that cardiac myosin light chain was down-regulated in the heart of a1badrenergic receptor transgenic mouse. This result is consistent with our data. However, the gene expression patterns of other genes are not consistent with our data. In addition, in the cardiac hypertrophy which caused by infusion of norepinephrine, no gene expression pattern in the heart of norepi- Down-regulated genes in 2-week-old JVS mice found at more than two times the level found in control mice are shown. * 12-29: the genes which are described in Results and Discussion. nephrine-infused rat is consistent with our data.
Recent studies have identified the transcription coactivator peroxisome proliferator-activated receptor g coactivator-1 (PGC-1) as a regulator of mitochondrial biogenesis. 6, [30] [31] [32] [33] It was shown to modulate the amounts and/or function of nuclear respiration factors (NRFs) and mitochondrial transcription factor A (mtTFA), which activate the transcription of a large number of genes involved in respiratory chain function and mitochondrial DNA transcription, respectively. [34] [35] [36] The results of GeneChip analysis demonstrated that PGC-1 was up-regulated in JVS mice to 1.4 times the level in control mice (data not shown), but the levels of NRFs, mtTFA, and most subunits of mitochondrial H ϩ -ATP synthase in the heart of JVS mice were almost the same as the levels in control mice (data not shown). In addition, a previous study demonstrated that respiratory activities of mitochondria from the hearts of JVS mice were decreased compared with those of control mice, 37) which suggests the presence of novel factor(s) other than PGC-1 affecting the up-regulation of mitochondria.
We are now determining the functions of the novel genes detected in the present study by overexpression or knockdown tests using the RNAi system in mammalian cells. 
